RESUTLTS
The basis for copper toxicity in plants is largely unknown. It is well established that copper is a required micronutrient for algae; in Chlorella culture deficiency symptoms begin when the copper level is lower than 0.1 Mm (15) . Greenfield (2) has reported that photosynthesis in Chlorella was inhibited by copper concentrations higher than 0.1 $M. Recently, it was reported that the effect of copper on photosynthesis and respiration of Chlorella is magnified when copper is applied under anaerobic conditions (1) .
The reduction of a redox dye by isolated chard chloroplasts was shown to be sensitive to 10 to 100 MM CuSO4 (10) . Haberman (7) inhibited the Mehler reaction of chloroplasts of Phytolacca americana L. with copper and then reversed this inhibition with manganous salts. Glutathione had no effect alone, but enhanced the reversal by manganese. Heavy metals are well known inhibitors of enzymes and copper binds strongly with sulfhydryl groups of proteins (13) . (Fig. 1, curve a) . A rise in absorbance for several minutes was followed by a reduction which continued until the cells were nearly colorless. The second phase was prevented in an atmosphere of N2 (Fig. 1 , curve e); however, upon the addition of air the second phase was greatly accelerated, and the cells bleached within 5 min (not shown on graph). If the pH level of the buffer was above 7, several hours of exposure to copper were required to reduce the pigments effectively. The presence or absence of light during the copper treatment had no effect on the rate of pigment breakdown.
The addition of copper to both the yellow and the white mutant cells caused an initial rise in absorbance at 600 nm where nonspecific absorption takes place. This was followed by a gradual decline to the original absorbance. Table I summarizes the observed changes in absorbance at 480 nm, packed cell volume, and rates of respiration. The maxima in absorption were always accompanied by a decline in packed cell volume. Figure 1 , curve d, shows the complete protection of the cells by GSH from the copper-induced change in absorbance. Ethoxy-GROSS, PUGNO, AND DUGGER quin, an antioxidant, protected the cells from the loss in pigmentation, but the initial absorbance changes occurred as in the unprotected copper treatment (Fig. 1, curve c) . Also shown (Fig. 1, curve b) whole cells. Unlike the protection in whole cells, MnCl2 greatly enhanced the effect of copper on the pigment.
After pigments of the yellow mutant (A') were extracted and saponified, carotenes were isolated from xanthophylls by phase separation (1), and the two fractions were transferred to a solution of methanol-water. Carotenes behaved identically to the pure /3-carotene. The xanthophylls, although more stable as an untreated control, produced a cloudy suspension upon the addition of copper or other compounds.
Extracts of WT cells containing all the pigments were transferred to the methanol-water system. Addition of copper caused a reduction in absorbance as well as a 10 to 20 nm blue shift of the chlorophyll peaks (Fig. 2) . This is in good agreement with the observations of whole cells. In addition it was observed that copper-treated chlorophyll does not fluoresce. The addition of CuC12 to this system was more effective in bleaching pigments than CuSO. Not shown on the graph is an increased CuSO, activity when NaCl was added to the system.
DISCUSSION
The exact role of copper in the development of cellular damage is not known, but several model systems are available. Gurd (6) showed that copper ions catalyze the oxidation of sulfhydryl groups and formation of disulfide bridges. Krivis and Rabb (9) reported that the enhancement of antitubercular activity of Isoniazid by Cu (II) may actually be due to the formation of a Cu (I) complex. Virtually all toxicity studies use Cu (II), since Cu (I) is highly insoluble. In addition to chelation and participation in organic redox reactions, copper ions probably hydrate or form hydroxides, which introduce further complications.
The results reported here suggest that the mechanism of action may be influenced by the structure of the cell, with the rupture of membrane barriers the first step in the damage sequence. The initial absorbance rise is concomitant with a drop in packed cell volume (Table I) , and it is tempting to compare this observation with known effects of light on chloroplast membranes resulting in a similar combination of changes (12) . The experiments in vitro showed no initial rise upon the addition of copper. Anaerobiosis cannot forestall the rise in absorbance in whole cells, but it prevents any decline (Fig. 1) . In view of the inability of anaerobic conditions to protect the pigments in vitro, it seems reasonable to assume that two steps must be completed in vivo before copper can act on the pigments, and by blocking the second
